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Notation

AP plne ame of propeller race over rudder

Ak planeftw area of rudder

Ar emu sectonal area of tflrer opening

Sairfoil drag coefficient

CO non-dimensional wave drift moment ubout ship z axis

Cv, rudder drag coefflcient, coplanar to ruddex centerline

CD. non-damenonal wave drift force in direction of ship x ams

C6, non-dimensional wave drift force in direction of ship y axis

CL airfoil lift coefficient

C-,f rudder lift coefficient, normal to rudder surface

D propeller diameter

F. moment about ship z axis

F. force in ship x axis direction

FY force in ship y axis direction

g gravitational acceleration

yaw mass moment of inertia

J advance coefficient

advance coefficient based on torque

JT advance coefficient based on thrust

-KQ open water propeller torque coefficient

SKT open water propeller thrust coefficient

L ship length

L-S turning radius to ship center of gravity
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Ltunning radius to point on the shp centerfine

LO tuing radius to point off the sbip centerline

Lr urmg ranus to rudder

M ship mas

N revolutions per minute

n revoldo per second

P/D propeller pitd~diameter ratio

PR effewcve horepower (EO P)

Q torque

R restance force

RA transfer function amplitude

r yaw rate

Sý((O) wave spectra

T thrust

T. wave modal period

T. non-dimensional wave modal period

T . ship draft M W Q U A L M [ N M M = 5

u surge velocity, in ship coordinate system

U. usurge velocity relative to current, in ship coordinate system

U surge velocity relative to wind, in ship coordinate system "eo@ession For-

V velocity, general NTIS TAB5 0

V, speed of advance Jut 0ftat

V. ship velocity magnitude relative to current

vatt ]. or•''
".lut _5 L _
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v velocity at rudder

Vla effactv velocity over rudder

Vw velocity of wind

v sway velocity, in ship coordinate system

v. sway velocity relative to currentk in ship coordinate systm

v. sway velocity relative to wind, in ship coordinate system

Sseparation distance between propeller and rudder

Xd rudder distance from ship center of gravity (positive forward)

Sthruster distance from ship center of gravity (positive forward)

,Y earth ftxd coordinate system axes

XI Y,. oordinates of ship center of gravity in earth fixed coordinate system

x, y ship coordinate system axes

x', y' translating coordinate system axes

ydi saAc of pc'It off the ship centerline (positive to starboard)

y-W, seperation distance between propellers

blending function for ship speed

S'blending function for relative heading to the waves

P driftangle

Pc drift angle relative to current

SPcL drift angle at point on the ship centerline

opt drift angle at point off the ship centerline

P.d drift angle at rudder

Y random phase ngle

rudder angle

vi



4 ltaniun fimnict phase angle

wave-hi

tin ;ndfcmantwave height

~)1r~A6 arge sway, heave~, yaw, rolt and pitch in seakeeping coordiate system

P wSer densky

•0s mcompass angle of direction of current flow

Ih d compass angle of direction of wind

+c compass angle of direction of predomina waves

, yaw angle

() wa-t fiquen

to, ecunter frequency

l-wT thrust wake f•action

l-WQ torque wake fraction

1-t thrust deduction factor

vii



Abstract
Yi;& report documents the mathemadcat model of a combined
manewrm, taioeqng, and makeeping smuaion comqputer
progm The model features a mi= of phyicat basnd model for the
pmpui oinsa and control irff aces and l)dodyjwanic coeffiient
based hull forces The wpproadh folrows the conqept of ia mohkr
maneuiwrln modeL A quasi-steady ananpdon is uilized for i/
sakeuing motion effects. This allows Ohw calm water mwaeuvering
modcn to be calcudeds eparately wad the s degree for freedom linear
respons in waves supermpowd The effecr of wM4 curre and second
order mean &zft forces are mnchtded

Administrative Information

This work was finded by the Coastal Systems Station, Panama City, Florida, under Work

Request WX31004 and is identified at CDNSWC by Job Order Number 1-1561-314.

Introduction

The Carderock Division of the Naval Surface Warfare Center (CDNSWC) was tasked by

the Coastal Systems Station (CSS), Dahlgren Division, Naval Surface Warfare Center, in Panama

City, Florida to develop a simulator model for ship rcaieuvering and stationkeepin& including

seakeeping effects. The simulator is to be incorporated into a team training simulator for the

MCM-1 (Avenger) class of mine hunter vessels. Training scenarios will cover all aspects of the

MCM mission; mine sweeping, neutralization, and transiting. As such, the operator of the

simulated MCM will be required to independently op. rate both the controllable/reversible pitch

propellers, bow thruster, and rudders over the fuM sp.•e range of the MCM in wind, waves, and

current.

The basic physical requirements for the combined maneuvering simulator were to operate

in real time on an Intel 80386/803 87 personal computer operating at 25 MHz, and be written in

the FORTRAN programnming language using no machine specific modules. The eventual platform

for the simulator program will be a Silicon Graphics model 4440 workstation operating at

40MHz. The source code will be translated by CSS into the ADA programming language for final



* into the team tainer system In the final form the smlation wil be running at a 16"z

me ra with ay 20 to 30 mileonds alowed for each time step.

In devtlopig a computer program to satisy the stated requirements, two diferent satifing

ponts we. evaluated. First, one of the ewtig manwuvering progruns availae could be usd

and dasve m made to it in order to ipport the wro speed spcia case for

-'K l. [I X31'. Second, a new program could be written from scratch. Either option

would have to be coupled with a wave induced ship motion calculation methodology. The second

option of a new program was selected because intrinsic support for zero speed and reverse and

sidewise motions could be built directly into the model. In addition, a new program could be

written in a streamlined, minimal form for computational speed, which is easier than trimming

down exiting program code.

In developing this simulator model, th.re were several other considerations aside from the

basic contractual specifications. The development of this simulator was to be the first opportunity

at CDNSWC to develop a maneuvering model based on the modular maneuvering model concept

The modular model concept differs from the traditional approach in several ways. The traditional

approach is to use hydrodynamic coefficients derived from a Taylor series expansion of the forces

and moments acting on a vessel [4]. The modular modeling approach treats the components of the

forces and moments separately. For example, the forces due to the rudder are composed of the

basic forces from the airfoil in a flow, the interaction of the hull on the rudder (expressed as flow

blockage and straightening effects), and the interaction of the propeller on the rudder (through

flow acceleration and straightening due to the propeller race). The forces on the hull would

likewise be comprised of the bare hull forces and the interactions of the rudder and propeller on

the hull. Implicit in the modular model concept is the use of physical based models for each of the

components [5].

The modular maneuvering model offers several advantages over the coefficient based

model. Since each component effecting maneuvering performance is separate in the modular

model, changes can be isolated. This includes changes to program source code and model as well

'tdwam am in brad 1 am at *aa md tdiis rw
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as changes to the ft design. For example, the eft of a differenat size or shape rudder is isolated

to the rudder model and the interactions on other components. Hence, the hull force model or

propeller force model remain un6hriged This is patulary useful in preliminary design where

differet cwcpts are vestigated. In later phases of design, model test data may be available for

a baseline design. The design can then be modified with different propellers or rudders without

necs invlidating the previous model test work.

By using the modular maneuvering model concept for this simulator, the program could be

written in a highly structued manner with dear divisions between force and moment contributors.

Th"s ftates better internal documentation of the source code and allows eaner maintenance

and future expansion of capabilities.

This report documents the deve!opment of the combi:ied maneuvering, stationkeepign and

seakeeping simulation mathematical models used in the computer program. A separate

programmers manual documents the computer program source code as implemented for the

MC4 class.

Combined Maneuvering, Stationkeeping,
and Seakeeping

In developing a time domain model of ship maneuvering in waves, there are several

problems to be considered. There. are frequency dependent coefcients in the equations of motion,

unsteady ship speed and heading, effects of the past history of a bodys motion (memory effects),

and first and second order wave induced oscillatory exciting forces. Previous attempts to model
ship maneuvering in waves have generally focused on the specific problems of course keeping

ability, or capsizing and broaching. Few complete models that can represent general maneuvering

in waves have been developed, with even fewer iniplementations of those models [6]. In general,

such models are large, cumbersome, expensive, and not well suited to preliminary design

applications or real tine, man-ii-the-loop simulations.

3



The approach taken here is to decouple the relatively slow maneuvering motions from the

elatively faster seakeeping motions. This is accomplished by calculating the calm water

maneuvering motions and adding the linear seakeeping responses. The advantage of this method is

that the seakeeping motions can be pre-computed outside of the maneuvering simulation. Figure 1

shows the conceptual model that was developed as a framework for the development of the

components of the model.

It is important to note that estimation or experimental determination of the hydrodynamic

characteristics of each component of the ship (hull, rudders, props, etc.), it is assumed that the

body is moving with ms cient speed and has sufcient surface roughness to insure that the flow is

fully turbulent. However, the simulation model has the capability to operate at very low speeds

where the flow could be laminar. No attempt is made in this model to account for hydrodynamic

differences between laminar and turbulent conditions.

Coordinate Systems

Within this simulator model, a multitude of coordinate systems and frames of reference are

employed. The standard coordinate systems for ship motions and maneuvering are different from

each other by a 180 degree rotation about the ship's x axis. The bottom of Figure 2 shows the

orientation of both coordinate systems [4]. In this work, the standard maneuvering coordinate

system will be used unless explicitly stated. Figure 2 shows the translating ship coordinate system

(x',y), the earth fixed coordinate system (X,YT), and the ship reference coordinate system (xy).

The positive sense of the rudder and drift angles and propeller and bow thruster thrust are also

shown. The origin of the ship coordinate systems are at the ship's center of gravity. Current and

wind speed and direction and predominate wave direction are specified in earth fixed coordinate

system using compass heading angles.

Maneuvering Equations of Motion

The general, nonlinear equations of motion for a maneuvering ship in the horizontal plane

(without roll) are given nn Reference 4

4



m(O - 2)•F

1=ý- (1).

The cross product terms on the left side of the x and y equations are the result of these equations

being written in the ship coordinate system Rewriting these as a set of first order differential

equations,

fj -,(v + IF~
V = (-ur + XFy)

i=11EF, (2)

where -+ has be•w r••ced by r.

Relating the ship coordinate system back to the earth fixed coordinate system yields another

set of first order differential equations,

X -, -u sin V+v cosV
Yp -u cos V-v sin V (3).

Equations 2 and 3, when taken together, form a set of five, first order nonlinear state

equations. The general form is given by

X = A(X)+B(U,X) (4).

Solution of the time evolution of these equations is performed by first order Euler time step,

XO' -X=X + [A(X') + B(U¶ Xn)]At (5).

The first order Euler method is generally stable (for dynamically stable ships) and will not

propagate errors if the time step size is small compared to the speed of ship maneuvering

motions.

External Forces

If we disregard the seakeeping aspects of the problem for now, the total external forces and
moments acting on a maneuvering ship are represented by IF, I:Fy, and XF.. These summations

can be expanded into components for the hull, rudders, propellers, thrusters, wind, and waves [4].

5



IFy- Fym, + F 1 ,w + FyP w + Fym. + Fym + Fy,_

XFZ - Far + F w + Fpp + F. + F=.. ÷F (6).

Current Effects

Hull foree are due to the rotation and translation of the vessel through the water. In order

to include the effects of a current, the relative velocity between the ship and the current must be

calculated.

u. - Vcos A + Vem• cos (4¢.- V)
v° = -Vsin 0 - V=,m sin (+.m.t-V) (7)

where the ship velocity and drift angle are

V - +-arcn (8)

and the drift angle is considered zero if both the X• and Yp, velocities are zero. The velocity and

drift of the ship relative to the current is therefore

vo- Ju+v

- aranus (9).

Using the relative velocity through the water requires that the surge and sway equations in

equation 2 be rewritten as

Uo = -IL(vor + I:Fx)
ir -L(-udr + EFy) (10).

Equation 3 must then be corrected for the current and written as

Yp. -•€os ,-•si, 11

where

6-uo-V•.•€os ( - ¢wI•u)

--v,+Vwsin(V +.,.t) (12).

6



Hull Force Model

As stated in the introduction, the traditional approach to modeling hull forces has been to

assume the linearity of forces and expand them with a Taylor series expansion. This is still the

most straight forward approach to developing hull forces as a finction of surge, sway, and yaw

motions. Here we will not include the effects of rudder, props, or bow thrusters in the expansion

by considering the bare hull only.

If the hull forces are considered to be functions of surge, sway, and yaw motion only , we

may write
a~~~~~x~ + LFzV -~_ _2 O!F-. •tF

FyS i~F---'v2 a,+ !.r+!oFr + at
FY, '- Y +!-YV !-yr+-!-r2 W -•-r+F

- V 2 at _r2 ,
+ -L-r±-wr + (13)

where the higher order terms have been omitted. The derivatives, also known as hydrodynamic or

maneuvering coefficients, are usually written in a shorthand notation such that

-,X,, -Y , and ! -N,, for example. The acceleration terms Y•, Y j, N j, and Nj

basically represent low frequency added mass effects [4].

Hydrodynamic coefficients can be obtained from captive model tests, estimation, or system

identification from full scale trials or free running model experiments. Each of these methods hzs

their own merits and drawbacks. A discussion of these is beyond the scope of this document and

the reader is referred to the references [4,7,8,9].

The normal practice is to express the hydrodynamic coefficients in non-dimensional form,

for example

y,) Y (14).
I e'V.,

Here, the velocity in the denominator is the relative velocity through the water. When a

non-dimensional hydrodynamic coefficient is used to calculate the non-dimensional force or

moment, it implies that the associated variable (v in the example case of equation 14) to be

multiplied is also in its non-dimensional form. Hence, the dimensional force is obtained from

7



I
summing the prodMN of the non-d nsional coefficients and assoi" non-dimensona
variable% and then multiplying by the factor IpL VI (0 for moments)

Within the series expansion for the x force, a term has been added to account for the hull

resistanc, The effective power (EHP) curve is represented as a polynomial curve from which the

hull redstanc is obtained,

p1(V)- V3 [cIV+ C2V2 +CV]

RT-22 (15).
v

The polynomial coefficients are obtained from curve fits of upright straight line (zero drift angle)

resistance tests [10]. The ship speed used in this implementation will be x component of the

relative speed through the water (uj). In the special case of zero ship speed, the resistance is zero.

Rudder Force Model

The rudder is the primary control surface by which directional control is maintained. In

order to determine the forces acting on the rudder, the actual flow velocity and direction at the

rudder must be determined from the general motion of the ship. Figure 3 shows a schematic

representation of a ship in a turn. If the velocity components of the ship center of gravity (cg) and

the yaw rate are known then the drift angle, turning radius, and inflow angle at the rudder is

calculated from

L,=Vd/r
Lm• -sign(r) 4(xMjcosp')2 + (L,,-xmsin )

Pm - IP-sign(r)arctan(-,-.O'f)

V• - irLI•I
CL= ••Nd + 6 - E (16).

In the case of r"O and Vat 0, then the turning radius is infinite and fi - f. and V•=V, The
rudder angle is given by the commanded rudder angle up to the point that a set maximum rudder

rate is achieved.

When the point is not on the ship centerline, an additional correction is required. If the
turning radius and drift angle of a point on the centerline is LcL and Pcz, then the turning radius
and drift angle of a point off the centerline is



L.-sign(LcLr) 2ysilc + (LcL--yoscL (
- A (17).

The Correcion, P in equation 16, is a flow straightening coefficient which represents the

blockage of the hull to the flow. It has been seen that the flow straightening is primarily dependent

on the geometric drift angle at the rudder, Pm [11]. A relation derived from the data presented in

Reference II is employed.

CW+-3P+Cu (18)

whereit is assumed that e- 0 if 2!3mj >90 degrees.

There is an additional interaction effect on the effective flow velocity when the propeller

race is directed over the rudder [12],
A =2, (1~2 9)

V.d N [(I - WT)VflMcos fld +kV-] 2 + WT)VdCOSi-p (19

where

Vim - -(1- WT)VmdCOS AM + 4(1 - WT) 2Vtwcos 1, + #KTnID'
kO0.5+0.26527tanh(1.2775ý) + 0.17533 tanh(2.555ý)

-- 2x,,/D (20).

Some portion of the propeller race will be directed over the rudder when: u,>O and p/d>O , and

possibly u.<O and p/d>O.

The forces acting on the rudder are given by the lift and drag coefficients, As the rudder will

operate in a diversity of flow conditions, lift and drag characteristics are needed for forward,

reverse, and sideways flow (13]. Like the hull hydrodynamic coefficients, rudder lift and drag

coefficients are generally determined in a fully turbulent flow condition. These coefficients will be

used at all time in the simulator model even if the flow speed and geometry at either port or

starboard rudder would in fact be indicative of laminar flow.

Lift and drag are defined respectively as parallel and normal to the flow. In order to obtain

the forces acting on the hull, a transformation is performed from the flow reference frame to the

rudder reference frame and finally to the moving ship's coordinate system. This is done using

9



- ,CLCOSaLCDSI4n a

CD,• CDCOS Ca-CLiCIM (21)

and

F - (Cx.'cos6 - CD.~..shIn)(-2VruiAr)

Fy -(-CDai.Go86-C15,.if6)(jVi~ s

F. -Fy'xd (22).

Though the rudders on the MCM operate together, each will experience a different inflow

geometry and potenfialy different propeller races. Therefore, the forces and moments should be

calculated for each rudder separately and unimed together. The mazchinery model for the steering

gear imposes limits on the extremes of position and the maximum rate of change of position.

Propeller Force Model

The propellaes are the primary means for the ship operator to control the speed of his

vessel. They also provide some diectional control when the two propellers are operated

individually at different speeds and/or pitch settings.

Since the MCM has controllable reversible pitch (CR?) propellers, the full four quadrant

open water propeller performance at all pitch settings must be modeled. The open water propeller

data is represented as turves of thrust and torque coefficients OKr and K. respectively) over a

range of negative and positive advance coefficient, J [14]. These are defined as

J-L= , andK,- --- , and KQ - " (23)

where V. is the speed of advance through the water, n is the propeller speed, D is the propeller

diameter, T is the propeller thrust, and Q is the propeller torque. For the purposes of thi6 model,

the speed of advance is

V& -V(O -wT) (24)

where (I-wT) is the thrust wake fraction and V is the x component of the velocity of a point at the

propeller hub (reer to the d.s-= ,sion in the pre,,iou rudder force sect•ion). The thrust wake

fraction represents a blockage effect of the hull on the flow to the propeller and is usually

10



determined by powering experiments. In straight line motion (zero drift angle), the wake fraction

is the measured value from expmriments [10]. However, as the ship maneuvers and operates at

non-zero drift angles, there will be less blockage by the hull on the flow to the propellers. For

inflow angles less than 90 degrees, a cosine squared comction is used,

(I -WT) - Sin2pWW + (I - WT)(#,W.0)COSop" (25)

and (l-wT)-l for angles greater then 90 degrees. Here P. is the drift angle of a point at the

propeller hub. Since the propellers are operated independently from each other, the V in equation
24 and f. in equation 25 should be calculated for both port and starboard propellers.

A polynomial curve fit for each KT and K, curve is made for each pitch/diameter (P/D)

value and both positive and negative I. Reference [15] gives twelfth order polynomial coefficients

.cr the MCM design propeller. In order to obtain the operating values for either port or starboard

propeller, the polynomials are evaluated at the appropriate value of advance coefficient. Linear

interpolation is used between curves to the actual propeller pitch/diameter setting. The engine

model (to be discussed later) determines the rpm to be used in caloating for the port and

starboard props.

Having the total thrust from the KT values, it must be decreased by using the thrust

deduction factor. Thrst deduction is corrected for non-zero inflow angles in a similar manner to

that used on the wake fiaction in equation 25. Propeller thrust acts only along the longitudinal

direction of the ship hull. No oblique flow effect are included except for the wake fraction and

thrust deduction factor corrections. As a result, and by assumption, no side forces are exerted.

The forces and moments delivered by the propellers to the ship are given by,

F. -KT(1-t) (PnD

FY - 0.0

S- t !717x (26).

For the yaw moment, the positive sign is taken for the port propeller and the negative for the

starboard propeller.

1.



Bow Thruster Force Model

The bow thruster is an awdli'y device for providing directional control. The MCM class of

vessels use the Omni Thnster" bow thruster. This device is different from the more conventional

tunnel type thrusters. The Omni ThrustaTe use3 a sea chest in the keel for a water inlet and then

splits the flow to either a port or starboard side outlet. For the purposes of this simulator, a

relatively simple model will be used.

The ship operator wiU issue a thruster command of between +100% and -100% thrust. A

second order polynomial is used to transform the command setting to the full scale thrut. The

data needed to perform the curve fit is usually provided by the thruster manufcture and should

assume no forward speed. Forward speed degradation effects have been studied by Chislett and

Bjorheden [16] and McCreight has performed curve fits of the published data [12]. The thruster

forces can be determined from

F, - 0.0
Fy -T[exp (-13.3m') + 0.627396m-0.385772m2 + 0.124873M3]

F, - [T+(l - 3)(Fy-T)]xfUW (27)

where

mV VOGN. (28)

and T is the thruster thnstwith no ship velocity. It is assumed that m=0 if T=O. For a ship

moving afl, it is assmed that there is negligible degradation. This is represented here by mi=0 for

10.I > 90 degrees. The velocity and drift angle at the thruster should also be calculated for the

ship in a turn using the method outlined in equation 16.

Wind Force Model

In a manner similar to the current and relative speed through the water, a transform between

the wind speed and direction in the earth fixed reference system and the ship reference system is

given by
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u. = VcosA + VwAW cos (4v,,d-V)
v. =-VsinP - Vid sin (4.i - v)

V.- 14 +V

SM- arctan! (29).

The sway fiuce and moment coefficients are defined as to side force and yaw moment

(non4imonalized) acting on the ship when the wind a blowing across the port beam. The

iirge force and moment coefficients are defined when the wind i blowing across the bow. The

total force and moment contribution from the wind i a blended value of the two sets of wind

force and moment coefficients [12],

Fx - ½ N•(AreaxCx.,c-js•w)
Fy - p.N'w(AreaC.uinft.)

F. - wV.•(AeaC•,cos2p.+Areay, C sn2p.) (30).

Thnegative igns are due to the wind drag opposing forward motion.

Wave Drift Force Model

The wave drift forces being addressed here are the mean value, second order wave drift

forc. This is an acceptable model for use in real time man-in-the-loop inulation where

calculation of the fIll time varying second order forces would be burdensome. The mean wave

drift forces are represented by

Fx - pgBtnCD,(T',, 4wm)
Fy - P&"2 Ci,(T'g, 4mn)

Fng- gL2• CD.(To,,4•,) (31)

where

T1o -T.rfF, (32)

is the non-dimensional wave modal period [12].

McCreight and Jones have investigated the wave drift forces on an MCM model ;n

un-directional regular seas [17]. Since then, McCreight has developed an unpublished

interpolation method for the original model test data. The non-dimensional wave drift force
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S• used in the dumlation computer program are determined by interpolation of the test
data

Engine Machinery Model

The USS AVENGER (MCM-1) is powered by four Waukesha LN 1616 DSIN diesel

engines geared to two Transamerica-Delaval reduction gears. There are also twin light load

electric motors that can be used. This simulator model will asume that two diel engines driving

one shaft ar represented by one single large engine driving its own shaft with no cross coupling

between shafts. No model for the light load motors is included.

A basic model for adiesel engine is a constant torque model [18]. Within the

impleetan of the constant torque model, engine throttle settings are given as 0 to 100% such

that 100% throttle produces maximum engine torque. Limits are placed on the rate of change in

produced engine torque. In addition, the shaft speed is limited to a maximum value as is the

rotational acceleration of the shaft. The rate of change of propeller pitch is also limited to a set

maximnum Value [19].

For a constant torque, the shaft speed is not specified and mnust be backsolved using known

characteristics of the propeller and the flow conditions at the propeller. Since this model must

perform sttionkeeping as well as general maneuverin, there are several special cases that must

be account•d for. In addition, since reversible propellers are used, the shaft speed should be

prevented from becoming negative. The trivial case of zero torque (corresponding to zero throttle

settng) - zero shaft speed-.

The bollard pull condition exists when there is a non-zero torque and zero ship speed. Here,

the advance coefficient J is also zero. The values of torque and thrust coefficients (K, and KT) are

found directly from the open water propeller characteristics at a given propeller pitch setting,

inepln between discrete pitch values as necessary. The shaft speed is then given by,

n = Q/(pKQD) (33).
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The final condition exists when both the torque and ship speed are non-zero. In this case the
hazor,

KQ aQ/(pD¾4.) (34)

is computed. This is independen of shaft sp . Knowig the open water propeller characteristics

as a polynomial fimton of advance coefficients, we can write with the use of equmfion 34,

0.-Co +CIJQ +C~JQ(l - Q/(PD3V2)) + C314+ -.. +CnJIQ (35).

The real root (or roots) is the torque advance coefficient at the curret condition of ship speed,

shaft torque, and propeiler pitch. The thrust advance coefficient is given fromi
JT-i I- (36).

The propeller open water thrust coefficient can be ohained from the known J7 *vnd the polynomial

curve for Kr The shaft speed is given by,

nV-84 (37)

or equation 33 if'JsTO. If the s speed or rate of change of shaft speed is found to eav'oed preset

limits, then it is apoiatey down graded to fall within the limits. Since JT and J. were found

from relations independent of shaft speed, those values will not change, hence I( wil not change

either. Howem, the engine torque will change, and its new value is computed from,

Q-KQ (Ps) (38).

Seakeeping Effects

The six degree of freedom responses are governed by frequevct ic'nain transfer functions,

calculated u- line ship motions computer program 120]. TN-z . histories for the six degrees

of freedom are generated from the amplitude and phase irnfrmation contained within the transfer

functions,

Ti(t) -I [(KR4 * k)cos5(w,.t + y rk 3 Fri)] (39).
k

is



This -iv the mtion vat time t where the smmation is over dscre frequency vhiue, RA and

Sp is the transfer Emction amplitude and phase at the kt wave frequency, o. is the frequency of

encount at the k* wave frequency, and t is the wave height at the k wave frequency defined

by

J21f.:= S,(c~dw(40).

A uniformly distri'buted random phase angI, Yk, is inluded. Equation 39 applies specifically to

long crested seas. Short crested sea responses requir aia additional summation over wave

diction [21].

There are 576 individual six degree of freedom time histories used. They are comprised of

six ship spweds (0 to 10 knots in 2 knot increments), twenty four headings (0 to 345 degrees in 15

degree ments), and four signMficant wave height/modal period combinations; 1 foot and 7

seconds (Sea State 2), 3 feet and 7 seconds (Sea State 3), 6.2 feet and 9 seconds (Sea State 4),

and 10.7 feet and 9 seconds (Sea State 5). For the MCM, each time history is 10 minutes in length

at 4 samples per sconds and skort crested seas are assumed. Each set of time histouies are

grouped in daft files accrding to sea state.

Access to the time history data, by the maneuveing simulator, is performed using a data

table look-up with linear interpolation between heading and speed as needed. However, it should

be understood that linear slip motions theory assumes constant mean heading and constant mean

ship speed. Both the trwser fmutions and generated time histories are sensitive to speed and

heading variations Henc an interpolated time history for a given mode of motion may not

necessar be the same as a time history derived from a transfer fiaction at that identical speed

ma heading.

Inteqolation between speed and heading is performed usin linear blending fcmtions.

These fimcions are dependent only on speed or heading and can therefore be used for all modes

of motion without recomputing. For example, the ship speed and relative heading to the waves are
g•ien at discrete v-lues V,...,and i,,N respectively. 'he blending fmntions for ship speed
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(0) and ha•i (#) whe interpol to speed V and heading between the i and the i+l t

speed sjnand j+1. hadi, arethen,

00(+1)- a v•-

--P()- I-.-j+1) (41).

ntaoai{gW St tim t takes pla between time history values at speeds i and i+l and heading j
andj+l,

14(t, V. X) - [,l(t- V1+. Aj) * '(j+1) + v,(t Vi+1, Xq) -,P0)] W * 4+1) +

[Mflt, Vi 4 *0 'PO+1) + rqtI Vi, )4) ' P0)] * <D(i) (42).

Summary

A deaiption of the mathematical model used in developing a simulator for ship

mneering amnd seskeeping has been presented. The model is based on the

concept of a modular ship maneu.vering model. This treats the ship hul, rudders, propellers, and

bow tnmtw as individual components, modeled separately using methods appropriate for each

compnen wih iteratimd~xs btwee coponntsaccounted fo~r.

Futur additn and modification to the model are anticipated. h li includes the

addition of roll in the equations of motion, the use vertical axis propeller.s, towing forces, shallow

water effecitk ship-ship interaction effects, ship-shore interaction effects, time varying second

"order wave dr forces, and multiple engine models. Another important modification would be a

more rational approach to the mperposition of seakeeping motions on the calm water

-mauveing motions. Thle computer program which implements the simulator model might be

give atomatic control systems for an auto pilot as well as dynamic positionkeeping. New front

ends to the simulator will also. be developed sllowing for a fully graphical, man-in-the-loop

17



18



" _ _. A,

11

i iq

Figure I w Conceptal Model

19



Yi
-'r" x

w'4,

T

SWuidsr kakbWONS CWonrlgae Systm- $bwardMwmmuvuagC~ocsiSyAin

Figure 2 - Coordinate Systems and Sign Conventions

20



VmV

_o v

Instantanious Center
of Rotation

Figure 3 - Rudder Inflow Angle Geometry

21



22



References

1. McCreight, William ., "A Mathematical Model for Surface Ship Maneuvering",
DTRC/SHD-1350-01, March 1991.

2. Us•-'s M=mal for a S'fau e Ship Maneuvering Simulation [WAVMAN44]", Propulsion
Dynamics, Inc., Annapolis, Maryland, DTNSRDC/SPD-CR-005-82, March 1982.

3. de Kat, Dr. Jan 0., *Kapsize: Users Manual", Department of Naval Architecture and Offshore
Engineering, Uivsi of California, Berkeley, November 1988.

4. "Principles of Naval Architecture and Marine Engineering, Volume MI: Motions in Waves and
Controllability", Edward V. Lewis, editor, The Society of Naval Architects and Marine
Engineers, Pavonia, New Jersey, 1989.

5. Proceedings from "Workshop on Modular Maneuvering Mathematical Models", Sponsored by
the Society of Naval Architects and Mazne Engineers T&R Panel H-10, New York Hilton,
New York City, November 13, 1991.

6. McCreightWR., "Ship Mcneuvering in Waves", Sixteenth Symposium on Naval
Hydrodynamics, July 1986.

7. Kopp, Paul J., and David A. Walden, "Equations and Algorithms for ASSET Ship
Maneuvering Estimates", David W. Taylor Naval Ship Research and Development Center,
DTNSRDC/SHD-1203-01, August 1987.

8. Motter, L.E., "Hydrodynamic Forces and Moments Afcating Maneuvering of a ?-,-ne
Countermeaures Ship", David W. Taylor Naval Ship Research and Development Center,
DTNSRDCISPD-0854-01, February 1979.

9. Ankudinov, Vladimir, and Robert Hatton, "Mine Countermeasures Ship (MCM-1) Automatic
Stationkeeping System Model Tests and Simulation Model", Tracor HydronAutics, Inc.,
Laurel, Maryland, NAVSEA Technical Note No. 051-55W-TN-0007, January 19F5.

10. Borda, Gary G., "Ship-Model Correlation of Powering Performance on USS Avenger,
MCM-1, as Represented by Model 5401-1 and Propellers 4835 and 4836",
DTRC/SHD-0983-1 1, March 1991.

11. Kopp, P.J., N. Fuller, mi, X Sedat, "Inteact*ons Between the Hull and Rudder During Ship
Ivuneuvering", 23rd American Towing Tank Conference, June 1992.

12. McCrtight, William R., 'Equations and Algorithms for Estimating Ship StationkeepLng
Ability", David W. Taylor Naval Ship Research and Development Center,
DTNSRL.)C/SPD-1203-02, May 1987.

23



13. Whicker, L. Folgr, D. Eng., and Leo F. Pehlaer, "Free-Stream Chaacterstis of a Family of
Low-Aspect Ratio, Afl-Movable Control Surfaces for Application to Ship Design", David
Taylor Model Basin, Report 933, December 1958.

14. "Principles of Nval Architecture and Marine Engneering, Volume U: Ship Powering and
Resistance", Edwd V. Lewis, editor, The Society of Naval Architects and Marine Engineers,
Pavon•., New 7~rsey, 1989.

15. Que•,, Carmen G., "Four Quadrant Open Water Characteristics of Controllable Pitch
Propeller 4837 Designed fr;r MCM (Model 540 1)', DTNSRDC/SPD-0983-04, October 1991.

"16. Chislett, M.S., and 0. Bjorheden, 'Influence of Ship Speed on the Effectiveness of a
Lateral-Tnst Unit", Hydro-og Aerodynamisk Laboratorium Report Hy-.8, Lyngby,
Denmark, April 1966.

17. McCreight, W.R., and Harry Jones, "Drift Force Investigation for a Nine Countermeasures
Ship", DTNSRDC/SPD-0854-04, February 1979.

18. "Implemetation of Turbine and Diesel Propulsion System Models in a Surface Ship
Maneuvering Simulation", Propulsion Dynamics, Inc., Annapolis, Marmyland,
DTNSRDC/SPD-CR-003-82, March 1982.

19 LBoboltz, David A., Jr., 'USS AVENGER (MCM-l) Standardization, Locked Sha, and
Trviled Shaft Trials", Carderock Division, Naval Surface Warfare Center,
CA1-,DEROCKDIV-92/007, May 1992.

20. Meyeans William G., and A. Erich Baitis, "SMP84: Improvements to Capability and Prediction
Aweuray of the Standard Ship Motion Program SMP8 1", DTNSRDC/SPD-0936-04,
September 1985.

21. Meyers, W.G., C.J. Bennett, and T.R. Applebee, "User's Manual for the Simulation Time
History and Access Time Hi-tory Programs", Cardarock Division, Naval Surface Warfare
Center, CARDEP.OCKDIV/SHD-1297-01, February 1993.

24


